Bimetallic nanoparticles comprised of iron (Fe) and nickel (Ni) were investigated for the removal of an azo dye contaminant in water. Morphology (core shell and alloy) and metal molar ratio (Ni 2 Fe 10 , Ni 5 Fe 10 , and Ni 10 Fe 10 ) were tested as key nanoparticle properties. The shelf life of the nanoparticles was tested over a 3-week period, and the effect of initial nanoparticle concentration on dye removal was evaluated. The highest initial nanoparticle concentration (1000 mg/L) showed consistent Orange G removal and the greatest extent of dye removal, as compared to the other tested concentrations (i.e., 750 mg/L, 500 mg/L, and 250 mg/L) for the same nanoparticle morphology and metal molar ratio. The metal molar ratio significantly affected the performance of the core shell morphology, where overall dye removal was found to be 66%, 89%, and 98% with an increasing molar ratio (Ni 2 Fe 10 → Ni 5 Fe 10 → Ni 10 Fe 10 ). In contrast, the overall removal of the dye for all molar ratios of the alloy nanoparticles only resulted in a variability of ±0.005%. When stored in water for 3 weeks, core shell nanoparticles lost reactivity with an average > 17% loss in removal with each passing week. However, the alloy nanoparticles were able to continually remove Orange G from solution after 3 weeks of storage to~97% when used at a starting nanoparticle concentration of 1000 mg/L. Overall, the Ni 2 Fe 10 , Ni 5 Fe 10 , and Ni 10 Fe 10 alloy nanoparticles with a starting nanoparticle concentration of 1000 mg/L resulted in the greatest dye removal of 97%, 99%, and 98%, respectively. Kinetic rate models were used to analyze dye removal rate constants as a function of nanoparticle properties. Kinetic rate models were seen to differ from core shell (first-order kinetics) to alloy morphology (second-order kinetics). Alloy nanoparticles resulted in as high as X kinetic rate constant, and core shell nanoparticles resulted in as high as XX kinetic rate constant. Metal leaching from the nanoparticles was investigated; alloy nanoparticles resulted in leaching of 3% Fe and 5% Ni which is similar to core shell leaching of 3.2% Fe and 4.3% Ni from the Fe 10 Ni 10 nanoparticles.
Introduction
The growth of the world population over the last decade is a result of increasing technological, economical, and industrial success. As large, established countries, like the United States, China, and others, have optimized mass production of living necessities, populations have been able to grow with affordable access to commodities. However, the rise of commodity mass production also produces waste products that harm ecosystems and natural environments. One such offender to local water environments is the textile industry. A textile plant manufacturing of 20,000 lb/day of fabric consumes 36,000 lb/day of water on average [1] . The required use of water as a solvent for processing chemicals, washing and rinsing fabrics, and the cooling of mechanical equipment amounts for 5% of the textile industry's production cost [1] . The inefficiency of the dying process requires an excess of 10 lb of water to every 1 lb of fabric, leading upwards to 200,000 tons of dye lost to effluent each year [2, 3] .
One of the most common classes of dyes used in the textile industry is azo dyes. Azo dyes comprise 60-70% of all of the inorganic dyes manufactured in the world, making them the largest group of colorants in textile effluents. Azo dyes have been shown to be toxic [4] , mutagenic [5] , and potential carcinogens [6] . The degradation of azo dyes is commonly done through concerted oxidation and reduction reactions [7, 8] to release an aromatic amine group; however, aromatic amines have been tied to cancer [6, 9] . These dyes are comprised of a double nitrogen bond with aryl functional groups attached on both sides of the nitrogen bond. Orange G is a nontoxic synthetic azo dye bearing a similar chemical structure, thus making the dye an ideal model contaminant molecule to study and understand the potential success of experimental dye contaminant removal approaches. Further, dye molecules such as Orange G have similar molecular structural components (e.g., benzene rings) as other water contaminants and are useful to study as a spectroscopically measurable contaminant model in synthetic wastewater studies.
Physical, chemical, and biological processes, including microbial degradation, filtration, and membrane separation, have been utilized to treat contaminated water [10, 11] . Unfortunately, most of these methods involve high cost and poor removal efficiency. Specifically, for industrial dye removal, physical and chemical methods such as Fenton's reagent, electrochemical destruction, adsorbent materials, and catalytic reductive processes have been investigated [12] [13] [14] [15] [16] [17] . Fenton's reagent is an effective decolorization method for both soluble and insoluble dyes but generates sludge as a side product [18] . Electrochemical destruction adequately breaks down the dye compound into nonhazardous products but is limited by the high cost of electricity [18] . Activated carbon removes a wide variety of dyes through adsorption. While activated carbon can be regenerated for further use, the process results in a loss of carbon and an increase in overall cost [19] . Zero-valent iron (ZVI) has become prevalent in water treatment processes as a nontoxic, inexpensive, and environmentally compatible material [20, 21] . ZVI combines adsorption, reduction, and oxidation methods to effectively breakdown and remove contaminants. ZVI has been a focus of investigation for a few decades and has been found as an effective reducing agent for azo dyes when in aqueous solution [22] . Recently, nanoscale zero-valent iron (nZVI) has received attention in water treatment due to the high specific surface area, small particle size, and reactivity [23] . nZVI was shown to decolor dye effectively over a range of pH through a rapid first-order kinetic process [24] . However, the reactivity of nZVI leads to a decreased lifetime. Therefore, incorporation of second metal, such as nickel, has been used as a successful approach to aid in stability while maintaining effective dye removal [8, 25] .
Specifically for azo dye removal and degradation, the addition of Ni has been shown to result in an increase in catalytic lifetime of up to 10 days [8] and utilization of the corrosion of Fe to enhance reduction with the formation of nickel hydride [26] . Through investigations, it has been shown that as the initial concentration of azo dye is increased, degradation becomes slower, and as the initial concentration of nanoparticles increases, azo dye degradation increases [8, [26] [27] [28] [29] [30] . Azo dye degradation with bimetallic NiFe nanoparticles has been shown to work more effectively at lower pH values [8, [26] [27] [28] and has shown quicker initial degradation at increased temperatures as high as 40°C [26, 27] . The current literature focuses on bimetallic alloy morphology and lacks an understanding of how a core shell morphology can affect azo dye degradation and nanoparticle lifetime. There is also a lack of investigation of how NiFe molar ratio affects azo dye degradation, leading to investigation across papers where characteristics other than molar ratio are also changing. This variation of multiple nanoparticle properties makes comparison across studies, or understanding how metal molar ratio impacts removal, difficult.
In this work, novel nanoparticle bimetallic composition and nanoparticle morphology of aqueous batch synthesized NiFe nanoparticles are explored to determine the effect of these nanoparticle properties on the removal of the model azo dye, Orange G, from aqueous dye solutions. The storage shelf life of these bimetallic nanoparticles is also investigated. The effects of these properties are analyzed as a function of nanoparticle concentration and over time, and the results from dye removal studies are modeled to understand how the kinetics of dye removal is impacted by each property. The absorbances from this measurement were converted to concentrations using a standard curve, and a final graph of concentration versus time was produced for each experiment.
Materials and Methods

Shelf Life.
A standard 60-minute time point test was repeated on each metal molar ratio of nanoparticles (alloy and core shell) every week for 0-3 weeks after the particles were synthesized. Samples were stored in argon-bubbled water during the entire 3-week experiment.
2.4. Characterization. The morphology of the nanoparticles was evaluated using a scanning electron microscope (SEM) operated at 20 keV. Samples were loaded into grids to dry before being placed into a vacuum chamber. Inductively coupled plasma mass spectrometry (ICP-MS) was used to detect the amount of metal (Ni and Fe) leached from the particles when placed in solution and determine the atomic ratio of metal : metal. Orange G degradation was confirmed through liquid chromatography mass spectrometry using a Synapt G2 HDMS from Waters Corp, using a Waters Acquity UPLC and C18 BEH analytical column.
Results and Discussion
3.1. Nanoparticle Characterization. The nanoparticles were synthesized with an aqueous batch method developed and discussed in the previous work [31, 32, 34, 35] . Representative images are shown in Figure S4 in Supplementary Materials. The morphology and structure of the NiFe nanoparticles are reported in prior publications [31, [33] [34] [35] . ICP was used to confirm desired (nickel : iron) molar ratios for the bimetallic nanoparticles, as shown in Table S1 in Supplementary Materials. ICP results indicate that when nanoparticles are synthesized in alloy morphology, the theoretical ratio of the iron and nickel precursors used during synthesis is quite similar to the measured ratio. The ratio increases slightly over time when the nanoparticles are stored, suggesting a small loss of iron from the nanoparticle composition with storage. However, for the core shell nanoparticles, the measured nickel to iron molar ratio is consistently lower than the theoretical ratio. This result occurs because the shell is formed through electroless deposition of the nickel cation precursor onto the iron core nanoparticle. Electroless deposition is arrested once a shell is formed, and a portion of the nickel precursor remains undeposited.
Azo Dye Degradation and Removal. The removal of
Orange G was experimentally demonstrated through a measured decrease in dye absorbance using a UV-VIS spectrophotometer. Orange G degradation was confirmed through liquid chromatography mass spectrometry (LC-MS) (Synapt G2 HDMS from Waters Corp, using a Waters Acquity UPLC and C18 BEH analytical column) ( Figure S3 in Supplementary Materials). Monometallic iron and nickel nanoparticles were initially tested for Orange G degradation over an hour period ( Figure S2 in Supplementary Materials) as a comparison to the bimetallic nanoparticles. The iron nanoparticles react quickly to degrade the Orange G and become ineffective within the first minute. The nickel nanoparticles do not affect the overall dye concentration, unlike the iron nanoparticles.
In comparison, bimetallic iron-nickel nanoparticles showed almost complete degradation of Orange G over an hour. Therefore, optimizing the bimetallic nanoparticle reactivity and stability was pursued for the rest of this study through an evaluation of nanoparticle: Orange G ratio, iron : nickel ratio, and nanoparticle morphology (core shell vs. alloy).
3.3. Effect of Nanoparticle Concentration on Azo Removal. All bimetallic nanoparticles synthesized in this study resulted in the same general trend over an hour of exposure to Orange G in a well-mixed batch reactor, as is illustrated for Ni 5 Fe 10 nanoparticles in Figure 1 . However, the effect of nanoparticle concentration on dye removal is significant, and below a certain concentration threshold, the nanoparticles essentially become ineffective at dye removal. When a nanoparticle concentration of 250 mg/L is initially added to the 1 g/L Orange G solution, the nanoparticles at this concentration are able to remove the dye by only 20% or less. At 250 mg/L, a portion of the dye is removed within the first minute, and removal levels off over the rest of the hour. The nanoparticle concentrations of 500 mg/L, 750 mg/L, and 1000 mg/L follow the same trend of removing the dye within the first minute with degradation increasing until~25 minutes and then leveling off for the remainder of the experiment. A nanoparticle concentration of 500 mg/L results in an overall Orange G degradation of approximately 60%. In contrast, nanoparticle concentrations of 750 mg/L and 1000 mg/L result in overall Orange G removal of about 85% and 95%, respectively. Therefore, the more concentrated solutions of nanoparticles used to treat Orange G improved dye removal for both nanoparticle morphologies. for the bimetallic nanoparticles were tested using a starting nanoparticle concentration of 1000 mg/L to treat a 1 g/L Orange G solution. The removal trends are shown in Figure 2 , and the degradation data is supported by mass spectrometry results summarized in Figure S3 and Table S2 in Supplementary Materials. Interestingly, there are different trends in the removal rate for the two different nanoparticle morphologies, as can be observed in Figures 2(a) and 2(b) . Specifically, the core shell nanoparticles initially remove the dye by~10% within the first minute, whereas the alloy nanoparticles initially degrade the dye by 20-30% within the first minute. The core shell nanoparticle removal rate begins to level off by~20 minutes, unlike the alloy particles, which continually degrade dye until the end of the experiment. The last 40 minutes of treatment for both the core shell and the alloy nanoparticles is shown in Figures 2(c) and 2(d). The core shell nanoparticles result in a decrease in overall Orange G removal and degradation as the nickel amount is decreased (i.e., overall removal trends as Ni 10 Fe 10 > Ni 5 Fe 10 > Ni 2 Fe 10 ). Interestingly, the alloy nanoparticles did not follow the same trend as the core shell nanoparticles. Instead, the performance of the alloy nanoparticles was optimal in the Ni 5 Fe 10 composition for removal, but both Ni 2 Fe 10 and Ni 5 Fe 10 compositions resulted in the same overall degradation. However, the alloy nanoparticles were not drastically affected by the change in nickel content, resulting in only a standard deviation of ±0.006 g/L for the final dye concentration. These differences in how the nanoparticles perform result from the difference in nanoparticle morphology, which also influences the overall bimetallic composition of the nanoparticles.
However, it is unlikely that the difference in behavior is simply the result of different bimetallic compositions between the core shell and alloy morphologies. For example, the Ni 10 Fe 10 core shell nanoparticles had a similar measured nickel to iron ratio as the Ni 5 Fe 10 alloy nanoparticles (Table S1 in Supplementary Materials), and these two samples did result in similar performance for the removal of Orange G. However, the Ni 2 Fe 10 alloy nanoparticles, with a lower measured nickel to iron ratio, outperformed the Ni 5 Fe 10 core shell nanoparticles. These results demonstrate that the bimetallic composition is important and that there may be an optimum composition for dye removal, but that composition is not the only important factor that dictates performance.
Effect of Nanoparticle Morphology on Azo Degradation.
The three molar ratios (Ni 2 Fe 10 , Ni 5 Fe 10 , and Ni 10 Fe 10 ) for both bimetallic morphologies were tested using a starting concentration of 1000 mg/L of nanoparticles to treat a 1 g/L Orange G solution. The overall removal of Orange G over time is shown for both core shell and alloy nanoparticles in Figure 2 . Core shell particles present a steeper negative slope for dye removal over the first twenty minutes compared to the alloy nanoparticles. During the last 30 minutes of treatment, the core shell nanoparticles change removal rate depending on molar ratio, whereas the alloy nanoparticles present the same removal rate for all molar ratios. The dye removal results over the last 30 minutes of the experiment for all three molar ratios (i.e., Ni 2 Fe 10 , Ni 5 Fe 10 , and Ni 10 Fe 10 ) for both core shell and alloy nanoparticles are shown in Figure 3 . From these results, it is clear that the performance of the core shell nanoparticles is affected by both the initial concentration of nanoparticles used and the amount of nickel used as a shell. However, only the initial concentration of nanoparticles used drastically affects the ability of the alloy nanoparticles to remove Orange G dye.
Based on spectrophotometry measurements, the alloy nanoparticles consistently result in >95% overall removal, unlike the core shell nanoparticles, with overall removal in a range from 66% to 89%, depending on parameters. However, the Ni 10 Fe 10 core shell nanoparticles with a starting concentration of 1000 mg/L reach 98%, which is comparable to the alloy nanoparticles. Interestingly, the mass spectrometry data suggest that all of the nanoparticle compositions, except for Ni 10 Fe 10 alloy nanoparticles, achieve 99% removal of the dye within 60 min. One possible reason for this discrepancy in the data from UV-vis spectrophotometry versus mass spectrometry is that the spectrophotometry method may also measure color due to iron oxidation, which may be occurring later in the experiment as a result of reaction with nickel and with the dye [8, 36] . From the mass spectrometry data, results suggest that the higher nickel content of the Ni 10 Fe 10 composition does not perform as well as the lower compositions in total dye removal or in the rate of removal. Further surface studies of the chemistry of the nanoparticles during and postreaction will need to be explored to understand these trends.
3.6. Effect of Storage Time on Azo Removal. The storage capability and lifetime of as-synthesized nanoparticles are important to understand when scale-up synthesis and production for use in pilot scale demonstrations are considered [25, [37] [38] [39] . The nanoparticles were stored at room temperature in argon-bubbled water and then were tested once a week for three weeks following the synthesis week (i.e., week zero). The results are shown in Figure 4 for core shell and alloy nanoparticles at starting concentrations of 1000 mg/L and 500 mg/L. Figure 4 (a) shows that 1000 mg/L alloy nanoparticles remain reactive over a 3-week storage period, resulting in a standard deviation of ±0.017 g/L for all final Orange G concentrations for weeks 0 to 3. However, the 1000 mg/L and 500 mg/L core shell nanoparticles became less reactive over the 3 weeks. Surprisingly, the 500 mg/L (Figure 4(c) ) alloy nanoparticles appeared to become more The final forty minutes of treatment is shown in (c) for alloy nanoparticles and in (d) for core shell nanoparticles, demonstrating significant differences as a function of nanoparticle composition and morphology. All nanoparticles were tested at a concentration of 1000 mg/L. 5 Journal of Nanomaterials reactive over the 3 weeks. Fresh 500 mg/L alloy nanoparticles removed only 42% of the dye; whereas, the same 500 mg/L alloy nanoparticles achieved 79% removal of the dye after the 3-week storage period. This change in the spectrophotometry results may suggest changes in dye removal, as well as changes to the nanoparticle chemistry that cause a change in the iron oxidation behavior; both factors could cause a change in the measured absorbance readings from spectrophotometry.
3.7. Nanoparticle-Driven Orange G Removal Kinetics. Removal of Orange G over time for each molar ratio, nanoparticle morphology, and starting nanoparticle concentration was fit to zero-order, first-order, and second-order reaction rate equations to determine the reaction rate order and rate constant for each experiment. Our results showed consistent results in terms of the reaction rate order over the 60-minute experiment. Specifically, each experiment presented a fit for the first 20 minutes (rate constant k 1 ) and a fit for the last 40 minutes (rate constant k 2 ). The data were not fit well to a single rate equation for the entire 60 min experiment, suggesting that there are two regions of Orange G decolorization and removal for all nanoparticle samples tested. Further, we observe a different reaction rate order for both regions for the different nanoparticle morphologies of alloy and core shell. The rate constant (second order, denoted as k 1,2 ) for alloy nanoparticles and the rate constant (first order, denoted as k 1,1 ) for core shell nanoparticles over the first 20 minutes are plotted as a function of nickel to iron molar ratio, starting nanoparticle concentration, shelf life/-storage, and morphology in Figures 5(a)-5(f) . As can be seen from this set of graphs, not only are the rate orders different between the two morphologies, but also are the trends in k 1 quite different for alloy versus core shell morphologies. Individual plots of k 2 values as a function of nanoparticle properties are shown in Figure S5 in Supplementary Materials, where we observe that all rate constant values are less than 0.01 g/L/min. For all nanoparticles tested, the magnitude of k 1 is much greater than that of k 2 . Values for k 1 are largely at least 10× greater in magnitude. From this result, we conclude that the majority of dye removal occurs within the first 20 min, and after 20 min, the nanoparticles result in little additional dye removal.
Nanoscale zero-valent iron (nZVI) has been generally shown to follow pseudo-first-order reaction kinetics for azo dyes such as Reactive Black 5 (RB5) [40] , Acid Blue 113 [41] , Acid Orange 07 [42] , Allura Red [41] , Amaranth [41] , Orange G [41] , Naphthol Blue Black [41] , Orange I [41, 43] , Orange II [41, 43] , Sunset Yellow FCF [41] , and Tartrazine [41] . However, Methyl Orange resulted in zero-order reaction kinetics [43] . A pseudo-first-order reaction rate assumes that the changing concentration of the dye controls the reaction rate, and the nanoparticle (i.e., iron) concentration is assumed to be constant. With the focus of extending nZVI lifetime through surfactant [40] , granular activated carbon [42] , and metal addition such as Ni [7, 8] , there are a few studies on the kinetics of nickel-iron bimetallic nanoparticles. NiFe alloy nanoparticle catalysts were shown to fit a pseudo-first-order reaction rate for scarlet 4SB [28] , Direct Black G [26] , and Orange G [7, 8] . However, NiFe nanoparticles presented a pseudo-second-order reaction rate for Methyl Orange [27] . We note that both ZVI and NiFe studies on Methyl Orange resulted in different kinetic rate laws, as compared to multiple other tested dyes. Methyl Orange and Orange G both contain one azo dye linkage, suggesting that the number of azo linkages does not affect the kinetics, but the kinetics may be affected by the properties of the NiFe nanoparticles. Although the bimetallic NiFe nanoparticles used for Orange G and Methyl Orange were both nominal alloy morphologies, the difference in reaction kinetics indicates an importance of nanoparticle characteristics. The NiFe nanoparticles used for Methyl Orange had a molar ratio of Ni 2.5 Fe 10 , an average particle size of 12-16 nm, and a specific surface area of 34.93 m 2 g -1 and presented as flower-like nanostructures accompanied by nanorods [27] . The NiFe nanoparticles used for Orange G had a molar ratio of Ni 12 Fe 10 , an average particle size of 20-40 nm, and a specific surface area of 26 m 2 g -1 and presented as smooth spherical particles connected in chains [8] . The lower Ni concentration in the overall nickel-iron composition that was investigated with Methyl Orange dye corroborates our alloy nanoparticle second-order kinetic results; whereas, the higher Ni concentration followed the prior literature results of first-order kinetics. As we did not test equivalent higher nickel concentrations in our bimetallic alloy composition, it is possible that the order of the reaction rate might also change for our alloy nanoparticles at a higher nickel content. Currently, most of the NiFe nanoparticle literature and kinetic analyses only address alloy particles, and our results add to this literature through a comparative investigation of both core shell and alloy morphologies.
In our analysis, we initially exclude the nanoparticle concentration to analyze the kinetics of the dye removal as solely a function of dye concentration. This is a common assumption in ZVI-based literature on dye removal and may have limitations at low nanoparticle concentrations. This assumption holds true for core shell nanoparticles; Journal of Nanomaterials core shell nanoparticles fit a pseudo-first-order reaction rate for the first 20 minutes of removal and fit a zero order reaction rate for the last 40 minutes of removal. The first-order rate constant (k 1,1 ) is determined over the first 20 minutes and the zero order rate constant (k 2,0 ) over the last 40 minutes. In contrast, however, alloy nanoparticles fit a second-order kinetic rate for the first 20 minutes of removal and fit a zero-order reaction rate for the last 40 minutes of removal. The second-order reaction rate suggests that with alloy nanoparticles, there is a second-order rate dependence on the dye concentration; the nanoparticle concentration (or metal concentration) may also affect the reaction rate. The second-order rate constant (k 1,2 ) is determined over the first 20 minutes and the zero-order rate constant (k 2,0 ) over the last 40 minutes. The change in kinetics with time can be the result of adsorption limitations due to site deactivation or site blocking on the nanoparticle surface, along with oxidation of ZVI and loss of reactivity. The adsorption kinetics for a heterogeneous reaction is an important first step, since the chemisorption of the reactants on the catalyst surface can reduce the overall activation energy of the reaction [43] . However, the adsorption and reductive reaction of azo dyes occur simultaneously, making it difficult to predict adsorption. The different kinetic trends for core shell and alloy suggest that the nanoparticle morphology affects how the Orange G dye is removed from solution. In general, a first-order reaction rate suggests that there is one reactive component concentration in solution that is directly correlated to the reaction kinetics. The concentration of Orange 7 Journal of Nanomaterials G dye is assumed to be the primary reactant that controls the reaction rate for first-order kinetics [8] . In second-order reactions, there are either two reactants that affect the reaction rate or a second-order dependence on one reactant. In the iron-nickel bimetallic system, the proposed reaction mechanism is quite complex [7, 8] and is proposed to include synergistic electron transfer between iron and nickel species, as well as both oxidative and reductive reaction steps with Figure 5 : Second-order kinetic rate constants for 1000 mg/L alloy particles comparing (a) molar ratio, (b) particle concentration, and (c) reactive shelf life of Ni 5 Fe 10 alloy particles. First-order kinetic rate constants for 1000 mg/L core shell particles comparing (d) molar ratio, (e) particle concentration, and (f) reactive shelf life of Ni 5 Fe 10 core shell particles. 8 Journal of Nanomaterials Orange G dye [7, 8] . As a result, it is not possible to definitively separate the roles of iron and nickel, but our results as a function of NiFe molar ratio and nanoparticle concentration can be used to draw several qualitative conclusions as to what is driving the second-order reaction rate of the alloy nanoparticles. First, the rate constant, k 1,2 , remains essentially the same for the two lower molar ratios of Ni 2 Fe 10 and Ni 5 Fe 10 , and k 1,2 decreases for the highest molar ratio of Ni 10 Fe 10 for the alloy nanoparticle morphology (Figure 5(a) ). This result suggests that there is an optimum nickel content in these bimetallic systems, and too much nickel content in the Fe-based nanoparticle can be detrimental to the reaction rate. This suggestion is reinforced for the core shell morphology ( Figure 5(d) ) where the increase in nickel content (from Ni 2 Fe 10 to Ni 5 Fe 10 ) results in a~70% increase in reaction rate. However, Ni 5 Fe 10 to Ni 10 Fe 10 shows only a~19% increase in reaction rate constant, suggesting that the addition of nickel content is getting closer to the optimum level before a decline in reaction rate constant. Second, the rate constant, k 1,2 , for alloy nanoparticles increases dramatically with increasing nanoparticle concentration ( Figure 5(b) ). The rate constant k 1,1 for core shell nanoparticles also increases with increasing nanoparticle concentration ( Figure 5(e) ). However, the core shell nanoparticles present a gradual, asymptotic increase in reaction rate constant as compared to the exponential increase of the alloy nanoparticles. This result is perhaps unsurprising and directly suggests that the reaction rate is dependent on the concentration of iron and nickel in nanoparticle form in the reaction solution. These results also demonstrate that the molar ratio of nickel to iron is important and that the second-order rate equation is perhaps a pseudo-second-order reaction, where the third "reactant" is a combination of the overall concentration of metals, as well as the specific ratio of nickel to iron for the alloy nanoparticles. As for the core shell nanoparticles, the first-order reaction kinetics suggest that the concentration of Orange G controls the reaction rate. However, the molar ratio of nickel to iron and the initial nanoparticle concentration result in different reaction rates when the Orange G concentration is held constant, demonstrating that molar ratio and nanoparticle concentration can positively affect reaction rates. Overall, molar ratio and nanoparticle concentration affect the removal of Orange G for both the alloy and core shell nanoparticles with a stronger influence on the alloy morphology.
The molar ratio of both alloy and core shell nanoparticles results in changes in rate constants (both k 1,1 and k 1,2 ) shown in Figures 5(a) and 5(b) . However, alloy nanoparticles were found to have a higher average rate constant value (~0.28 L/g/min) for all of the molar ratios when compared to core shell nanoparticles (~0.08 min -1 ). The starting nanoparticle concentration for the Ni 5 Fe 10 alloy and core shell nanoparticles was found to increase the kinetic rate constant with an increase in concentration as shown in Figures 5(b) and 5(e). The alloy nanoparticles present an exponential increase in kinetic rate constant value with an increase in nanoparticle concentration. The core shell nanoparticles present an increase in kinetic rate constant value with anincrease in nanoparticle concentration and the increase levels off at higher nanoparticle concentrations. This asymptote indicates that the nanoparticle concentration range (800-1000 mg/L) where the pseudo-first-order rate assumption holds and the nanoparticle concentration can be assumed to not impact the rate constant. At lower concentrations, based on our results, this assumption is likely not valid and a complete analysis of the rate constant would need to include the change in nanoparticle concentration (or the change in iron/nickel species) concentration. The shelf life over 3 weeks resulted in a change in kinetic rate constant values for both Ni 5 Fe 10 alloy and core shell nanoparticles as shown in Figures 5(c) and 5(f) . The alloy nanoparticles were found to have a variable increase in kinetic rate constant without decreasing below the initial starting rate constant over a 3-week time. The core shell nanoparticles reached an optimum kinetic rate constant (0.23 min -1 ) after 1 week and then steadily decreased to 0.03 min -1 kinetic rate constant by 3 weeks. Overall, the alloy nanoparticles result in larger kinetic rate constants and become increasingly larger with an increase in starting nanoparticle concentration and over time when compared to the core shell nanoparticles.
3.8. Nanoparticle Leaching. Nickel leaching has been occurring for decades in our water systems either through pipes, fittings, or naturally occurring nickel in rocks and sediments. Nickel is present in our environment, both water and soil, in low levels (microgram/liter), which also makes it hard to monitor. Nickel is essential and required in small quantities to sustain life. However, when intake of nickel is too high, it can be very dangerous leading to illness, cancer, and even death. Therefore, the Environmental Protection Agency has placed a maximum contaminant level (M cl ) of 0.1 mg/L on Ni in drinking water to prevent health issues.
Although Ni is the main concern for leaching, we investigated the loss of both Fe and Ni from the particles. The concentration of both Ni and Fe lost in solution over a 60-minute time period for all molar ratios (Ni 2 Fe 10 , Ni 5 Fe 10 , and Ni 10 Fe 10 ) and both morphologies (core shell and alloy) is shown in Figure 6 . Unfortunately, upon addition of the nanoparticles (core shell and alloy) to the solution, Ni is leached at the M cl or in excess for all the nanoparticles. Similarly, Fe is lost from all of the nanoparticles upon addition at higher concentrations than 0.1 mg/L. Core shell nanoparticles lost more Ni as the molar ratio increased (i.e., as Ni content increased, Ni leaching increased), whereas the Fe leaching increased as the molar ratio decreased (i.e., as Ni content decreased, Fe leaching increased). The alloy nanoparticles gave a trend of decreasing Ni concentration in the sample over the test period for the Ni 10 
Conclusions
Core shell and alloy morphologies of a bimetallic NiFe nanoparticle were shown to remove an azo dye, Orange G, from water. Core shell nanoparticles resulted in an average removal rate of less than~13% overall removal as compared to the alloy nanoparticles over 60 minutes. Both morphologies are directly affected by starting nanoparticle concentration, and the most effective treatment was obtained when nanoparticles were introduced to the reaction system at 1000 mg/L. The core shell nanoparticles are drastically affected by nickel concentration, resulting in a range of 
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Journal of Nanomaterials removal from 66-98%, which corresponds to increasing nickel concentration in the nanoparticles. In contrast, the alloy nanoparticles were only slightly affected by nickel concentration, resulting in a smaller range of removal from 97-99%. The alloy nanoparticles were able to treat the dye just as effectively after 3 weeks of storage in water, while the core shell nanoparticles lost reactivity in each successive week. The morphologies presented different characteristics for removal and supported two different kinetic reaction models. The core shell nanoparticles followed a first-order reaction rate, while the alloy nanoparticles followed a second-order reaction rate over the first 20 minutes. However, both particle morphologies followed a zero-order reaction rate over the final 40 minutes. Overall, alloy nanoparticles at 1000 mg/L concentration, 0 weeks, and Ni 5 Fe 10 molar ratio resulted in the highest percent removal of~99% over 60 minutes. All of the nanoparticles were found to leach undesired amounts of both Ni and Fe immediately upon addition to solution. Further investigation is needed for stabilization approaches through polymers, supports, or capping agents to keep Ni and Fe from dissolving into solution and causing both health concerns and decreased reactive lifetime.
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